This paper presents a wireless pressure sensor design based on magnetic fluid displacement over a planar coil and its corresponding inductance change. The design of the pressure sensor is presented followed by its fabrication and characterization. Experimental results show a good correlation with a nonlinear model relating the applied pressure to the change in coil self-resonant frequency. A prototype sensor (radius = 6 mm, thickness = 2 mm) based on the above principal using an oil-based ferrofluid (50 μl, ferrite concentration 2%), a polyimide-embedded planar coil (L = 1 μH), and a 25 μm thick polyimide membrane shows a sensitivity of 3 KHz mmHg −1 with a base-line resonant frequency of f 0 = 109 MHz.
Introduction
Wireless sensing of physiological pressures has been an area of interest for more than half a century following the pioneering work of Mackay et al in 1957 to measure gastrointestinal pressure using an ingestible capsule containing a single transistor oscillator whose frequency was modulated by external pressure [1] . Later, in the 1960s, Collins [2] used a passive LC transponder to record intraocular pressure. These pioneering efforts were subsequently augmented with improvements in microfabrication and MEMS technology resulting in miniature devices designed to monitor pressures at various anatomical sites such as blood vessels [3, 4] , eye [5] [6] [7] [8] , bladder [9] , cranium [10] , etc. Most such systems can be categorized as passive (comprising of a parallel LC circuit in which either the coil or the capacitor is pressure sensitive, thus allowing for remote monitoring of pressure by tracking the resonant frequency with an RF interrogator) or active (pressure sensor plus interface and RF electronics, powered through inductive methods or batteries). Although passive LC transponders are conceptually much less complicated than active systems, they frequently require fabrication of miniature capacitive pressure sensors with hermetic electrical feed-throughs, which is not a trivial task [11] . Here, we present a magneto-fluidic wireless pressure sensing technique which does not require a separate capacitor and is simple to implement. In this design, magnetic flux through the coil varies with applied pressure due to the transfer of trapped ferrofluid in the sensor, hence resulting in an inductance change. Since the coil itself has some built-in stray capacitances, no external capacitor is needed to create the LC tank (inductor self-resonant frequency is therefore a function of applied pressure). In addition to design, fabrication and characterization, Comsol TM simulation is also performed to understand correlation between ferrofluid movements and inductance change.
Design
The working mechanism of the magneto-fluidic pressure sensor relies on magnetic permeability of colloidal ferrite nanoparticles and fluidity of the dispersion medium. Figure 1 shows the schematic diagram of the pressure sensor. The device consists of top and bottom chambers connected through a small hole and covered with thin polymeric membranes. The bottom chamber also incorporates a planar inductor. The small through-hole facilitates the transfer of ferrofluid between the two chambers. Figure 1(a) shows the device in its nonpressurized configuration, where all the ferrofluid is present in the top chamber. When pressure is applied on the top membrane, it transfers some of the ferrofluid closer to the coil, in the space created due to deflection of the bottom membrane, as shown in figure 1(b) . Since the magnetic permeability of ferrofluid is higher than that of polymeric membrane or surrounding air, it increases the inductance of the coil. Given that stray capacitance is unaffected by pressure variations, this leads to a drop in the self-resonant frequency of the coil as external pressure increases. A reference chamber can be added to measure absolute pressure, as shown in figure 1(c) .
For a given pressure, the change in resonant frequency of the coil depends on the deflection of the polymeric membrane as well as the magnetic permeability of ferrofluid. For better understanding, a simplified geometry is shown (figure 2) in which a multi-turn spiral coil is represented as a single loop of wire. The volume of the ferrofluid closer to the coil is approximated as a cylindrical disc that changes its thickness (h) with applied pressure (figure 2(a)). Since this disc of ferrofluid is created due to the deformation of circular membrane, the thickness of the disc (h) is proportional to the deflection (d) of the circular membrane with clamped edges, figure 2 
(b). The inductance (L) of the coil increases as a function of thickness (h). Comsol
TM simulation is performed to study the effect of change in coil-inductance (L) with disc thickness (h). Figure 3 (a) shows the coil geometry used in the simulation which is based on the final coil used for fabrication of the prototype. Inductance calculated from the simulation is plotted against disc thickness in figure 3(b). Based on these simulation results, we can assume that for a thin disc (h ρ c )
where L o = inductance of the coil in the absence of ferrofluid disc, K 1 = the proportionality constant, ρ c = outer radius of the coil and h = thickness of the ferrofluid disc.
Change in resonant frequency for a small change in inductance can be derived from the basic formula of resonant frequency ( f = 1/2π √ LC). This change can be expressed as change in inductance and original frequency, as shown in equation (2):
Substituting L from equation (1),
For a given configuration of pressure sensor, h is the only pressure-dependent variable. Hence, equation (3) can be represented as f = −K 2 h (4) where K 2 is a new parametric constant that depends on the material properties and geometry of the device.
For a clamped circular membrane pressure, P, needed to achieve deflection, d, can be given as [12] 
where a = radius of the membrane, E = elasticity of the material, t = thickness of the membrane, ν = Poisson's ratio and P = applied pressure. The shape of ferrofluid accumulated under the deflected membrane can be approximated as a disc with thickness (h) proportional to the membrane deflection (d). With this approximation, and equations (4) and (5), we obtain the following expression relating applied pressure with the change in frequency:
where K 3 is the new proportionality constant that incorporates K 2 . The equations presented here do not account for the residual stress present in the membrane which depends on the fabrication process of the device. However, we can conclude that the pressure and change in frequency are related through a cubic equation which can be represented as
where K 1 and K 2 are parametric constants based on the geometry and material properties. Figure 4 shows the fabrication process sequence of the ferrofluid-based pressure sensor. Polyimide flexcoil (L ≈ 1 μH) is used for the fabrication of this prototype. The coil is designed in-house and fabricated by Parlex USA, Inc. It has 12 spiral turns of 18 μm thick copper (two layers) and 25 μm thick polyimide (three layers). A 25 μm thick polyimide sheet is used for both top and bottom polymeric membranes. The ferrofluid chamber and reference chamber are machined out of acrylic. All the machining is done using a CO 2 laser (Universal R Laser Systems), figure 4(b). After assembly, the top chamber is prefilled with ferrofluid (APG 311 by Ferrotec, Inc.) and then sealed using two-part epoxy resin, figure 4(c). One needs to be extremely careful not to trap any air bubbles while sealing the ferrofluid with the membranes. Air bubbles can move around the coil and lead to erratic readings. The ferrofluid has ferrite nanoparticles (volume concentration = 2%, particle size = 10 nm) dispersed in synthetic hydrocarbon with overall magnetic permeability of 1.1 (measured at f = 10 MHz). Table 1 lists important geometric parameters of the device. Figure 5 shows the photograph of the final fabricated prototypes. The one on the right shows a coil under polyimide membrane before filling the chamber with ferrofluid. When the ferrofluid is injected in the top chamber, a thin layer of the fluid also covers the coil, as shown in the completed device on the left in figure 5.
Materials and methods

Device fabrication
Measurements
The pressure sensor is characterized against a water column pressure as shown in figure 6 . A sensor is mounted at the end of the tube connected to the water column with the coil facing the atmospheric pressure. Self-resonant frequency of the sensor is measured using a transceiver coil (single loop, φ = 12 mm) connected to an impedance analyzer using the phase-dip technique [13] . All the measurements are performed with the smallest distance possible between the sensor and coil. Phase of a circular loop is expected to be 90
• but in proximity of an external inductor (the pressure sensor), it shows a dip in phase values and the location of minima corresponds to the resonant frequency of the external inductor. Resonant frequency is measured for pressures ranging from 0 to 60 mmHg while increasing and decreasing the pressure in steps of 5 mmHg.
Results and discussion
Figure 7(a) shows the data obtained from the network analyzer. As pressure is increased, phase-dip shifts to the left and reduces in size. The location of minimum frequency can be determined by curve fitting a polynomial through the data. Figure 7(b) shows the polynomial fit (n = 3) through the data. The location of the minimum phase in the polymeric fit is recorded as the resonant frequency of the sensor. Figure 8 shows the resonant frequencies plotted against applied pressure. Data points indicate the experimental values, whereas the dotted line is cubic fit corresponding to equation (6), with K 1 = 267.4 mmHg MHz −1 and K 2 = 7812 mmHg MHz −3 . Figure 9 shows the change in dip size as the sensor is moved away from the external coil. The dip is noticeable at the maximum distance of 6 mm which shows that the wireless range of the sensor is at least 6 mm which can be improved by optimizing the interrogation technique and the external receiver coil.
It is important to note that the sensor uses coil in open configuration. Since that is the only electrical component, no electrical connections are needed. One can fabricate such a coil with a single layer of metallization which simplifies fabrication significantly. Open coil configuration also makes the system electrically robust. A broken connection in an open coil might result in an inductor with a different set of properties and alter the sensitivity, but it can still function as a pressure sensor. Although biocompatibility of the device in its current form is not validated, a conformal coating of parylene can be applied to ensure biological inertness. Further, the design is not material-specific; therefore, the structural components (acrylic chamber, polyimide membrane) can be easily replaced with more biocompatible materials. The only irreplaceable component, ferrite nanoparticles, is shown to be biocompatible [14, 15] , and it has been proposed as an implant for the treatment of retinal detachment [16] .
Although the use of high permeability material in the form of fluid (i.e. ferrofluid) facilitates easy transfer from one chamber to the other, it also has some disadvantages. In the current design, ferrofluid is in direct contact with the deflecting membranes. This increases damping significantly which reduces the resonant frequency and hence adversely affects the response time. Further, the fluid needs to move from one chamber to the other which also adds significant delay between pressure application and change in inductance. Therefore, the sensor will not perform well if fast measurements are necessary. Time response can be improved by using ferrofluid with lower viscosity, smaller chamber and larger hole for the fluid transfer. Increasing the radius of the membrane can lead to better sensitivity but it also needs more fluid to be transferred which leads to increase in response time. Resonant frequency of the sensor is also a function of temperature. If the thermal coefficient of expansion of ferrofluid is higher than the material used to build the chamber, it will lead to bulging of membranes and hence increase the inductance of the sensor. Similarly, inductance will reduce with temperature if opposite is true. However, chamber material and carrier fluid for the ferrofluid can be chosen carefully to minimize temperature sensitivity. Further, as a biomedical implantable sensor, one can expect the environmental temperature to have minor variations. The effect of fatigue and creep also needs to be considered for long stability of the sensor. Although polymer is easy to machine, it can creep under constant pressure which can cause sensor drift. Metallic or glass membranes perform better than polymeric ones for long-term usage. However, metallic membrane will interfere with the wireless readout, whereas glass is difficult to machine. Hence, choice of glass versus polymer will depend on the specific application. 
Conclusions
In this paper, we discussed a new pressure sensing technique based on magnetic liquid displacement and corresponding inductance change. Comsol TM simulation is performed to understand the effect of ferrofluid on the inductance of the coil for a thin disc inductance varies linearly with the thickness. A pressure sensor is designed, fabricated and tested in vitro. The sensor shows a sensitivity of 3 KHz mmHg −1 ( f 0 = 109 MHz) and wireless range of 5 mm. Sensitivity of the device can be further improved by optimizing geometric parameters and material properties, whereas the interrogation technique needs to be improved to increase the range.
